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Abstract:  We  describe  the  design,  fabrication  and  laboratory  tests  of  a 
Doppler  Asymmetric  Spatial  Heterodyne  (DASH)  interferometer  for  upper 
atmospheric  wind  and  temperature  observations  of  the  0['D]  630  nm 
emission.  The  monolithic  interferometer  has  no  moving  parts,  a  large 
etendue,  relaxed  fabrication  and  alignment  tolerances  and  can  measure 
multiple  emission  lines  simultaneously.  Laboratory  measurements  indicate 
that  the  design  resolution  and  etendue  were  achieved  and  that  thermal  drifts 
can  be  determined  with  sufficient  precision  for  geophysical  applications. 
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1.  Introduction 


Interference  spectrometers  have  well-known  advantages  for  obtaining  spectra  of  faint,  diffuse 
sources  such  as  upper  atmospheric  airglow  emissions.  These  measurements  typically  require 
high  spectral  resolution  and  sensitivity  over  a  narrow  spectral  band.  To  date  the  instruments 
of  choice  have  been  Fabry-Perot  [1-3]  and  wide-angle  Michelson  interferometers  [4],  The 
technical  difficulties  associated  with  operating  these  interferometers,  particularly  in  harsh 
environments  such  as  on  board  orbiting  spacecraft  are  challenging.  Fabry-Perot 
interferometers  have  stringent  optical  flatness  and  alignment  requirements  while  wide-angle 
Michelson  interferometers,  due  to  the  limited  number  of  optical  path  differences  sampled, 
typically  measure  only  single  isolated  emission  lines.  In  response  to  these  challenges,  we 
have  been  developing  a  Doppler  Asymmetric  Spatial  Heterodyne  (DASH)  technique  that  is 
optimized  for  measuring  upper  atmospheric  winds  and  temperatures.  A  DASH  is  similar  to  a 
wide-angle  Michelson;  however,  it  measures  many  more  path  difference  samples  within  a 
much  larger  path  difference  interval  without  moving  parts.  This  feature  enables  the 
instrument  to  measure  multiple  atmospheric  lines  and  to  simultaneously  monitor  an  on-board 
calibration  line  to  track  instrumental  drifts.  It  is  a  two-beam  interferometer  with  greatly 
relaxed  optical  flatness  and  alignment  requirements  when  compared  to  both  the  Fabry-Perot 
and  Michelson.  The  DASH  interferometer  described  in  this  paper  was  designed  for 
temperature  and  wind  measurements  of  the  upper  atmospheric  red  line  at  630  nm.  For  years 
this  emission  has  been  measured  from  the  ground  and  space-based  instruments  to  determine 
F-region  winds  and  temperatures  [1,2,4],  This  particular  red  line  DASH  interferometer 
utilizes  a  Koster’s  prism  as  a  beamsplitter  to  enable  a  quasi-common  path  configuration  such 
that  both  arms  use  different  parts  of  the  same  field-widening  prism  and  diffraction  grating.  By 
choice  of  an  appropriate  prism  glass,  the  interferometer  was  designed  to  be  thermally 
compensated.  In  this  paper  we  will  discuss  the  design  and  laboratory  tests  of  the 
interferometer.  A  companion  paper  [5]  discusses  the  optics  other  than  the  interferometer, 
details  of  the  data  analysis  and  the  first  ground-based  geophysical  wind  measurements  of  an 
instrument  that  includes  this  interferometer. 

2.  DASH  Heritage:  Spatial  Heterodyne  Spectrometer  (SHS) 

The  DASH  interferometer  is  a  variant  of  the  Spatial  Heterodyne  Spectrometer  (SHS)  concept. 
A  detailed  description  of  the  SHS  technique  is  given  by  Harlander  et  al.  [6],  An  SHS  consists 
of  a  Michelson  interferometer  with  the  return  mirrors  replaced  by  fixed,  tilted  diffraction 
gratings.  The  addition  of  fixed  field  widening  prisms  [6]  increases  the  possible  throughput 
(etendue)  by  approximately  two  orders  of  magnitude  over  a  conventional  interferometer, 
making  the  system  extremely  sensitive  for  faint-diffuse  source  spectroscopy.  The  SHS  optics 
produce  a  wavelength-dependent  Fizeau  fringe  pattern  localized  near  the  gratings  which  is 
imaged  on  an  array  detector.  Each  wavelength  in  the  incident  spectrum  produces  a  unique 
spatial  fringe  frequency,  and  the  fringe  pattern  from  a  spectrally  complex  source  is  the 
Fourier  Transform  of  the  spectrum.  Rather  than  sequentially  scanning  the  path  difference  by 
moving  a  mirror  as  is  done  in  a  conventional  Michelson  the  path  difference  is  simultaneously 
sampled  in  the  spatial  domain  by  the  array  detector.  Furthermore,  the  interferogram  is 
“heterodyned”  because  the  spatial  fringe  frequency  for  an  incident  wavenumber  is 
proportional  to  the  difference  between  this  wavenumber  and  the  Littrow  wavenumber  of  the 
diffraction  gratings.  This  feature  enables  the  system  to  measure  high  resolution  spectra  about 
a  limited  spectral  band  with  a  limited  number  of  interferogram  samples,  i.e.  a  limited  number 
of  detector  elements.  The  system  achieves  the  theoretical  resolving  power  of  the  diffraction 
gratings  (sum  of  the  grooves  on  both  gratings)  but  has  a  throughput  characteristic  of  an 
interferometer  [6],  The  fringes  are  localized  inside  the  interferometer  so  in  addition  to  having 
no  moving  parts,  the  system  is  particularly  immune  to  optical  defects  and  misalignments 
because  the  interferometer  elements  are  either  imaged  or  nearly  imaged  on  the  detector.  As  a 
result,  optical  defects  or  misalignments  will  distort  or  shift  the  fringes  but  as  long  as  the 
optical  quality  of  the  surfaces  is  good  over  the  small  area  sampled  by  each  detector  pixel,  the 
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fringes  are  recorded  with  high  contrast.  With  proper  calibration  the  distorted  fringes  can  be 
corrected  in  software  [7].  SHS  alignment  tolerances  are  relaxed  by  at  least  a  factor  of  10  over 
Fabry-Perot  and  Michelson  spectrometers  where  the  interferometric  optics  are  usually  at  the 
pupil  of  the  system  so  that  each  detector  element  measures  signal  over  the  full  interferometer 
aperture.  To  obtain  high  contrast  fringes  with  these  conventional  interferometers  the 
alignment  and  flatness  must  be  maintained  to  sub-wavelength  tolerances. 

3.  DASH  concept 

The  above  section  indicates  some  of  the  features  of  SHS  that  make  it  particularly  suited  to 
space  flight  applications  where  mass,  volume  and  sensitivity  to  misalignment  are  limiting 
design  considerations  [8-10].  One  such  application  are  limb  observations  of  Doppler  winds 
and  temperatures  from  a  low-altitude  spacecraft.  The  spectra  in  these  applications  are  often 
relatively  simple,  i.e.  consisting  of  one  or  a  few  isolated,  thermally  broadened  emission  lines, 
especially  for  thermospheric  altitudes. 

Figure  1  illustrates  the  situation  for  a  single  thermally -broadened  emission  line.  The 
fringes  shown  in  the  middle  of  the  figure  in  light  and  dark  gray  are  two  interferograms  with 
slightly  different  fringe  frequencies  corresponding  to  different  wind  speeds.  Near  zero  path 
difference  these  interferograms  are  nearly  identical;  however,  as  the  optical  path  difference 
(OPD)  increases  to  the  right  of  the  figure  the  phase  difference  between  them  increases  owing 
to  their  slightly  different  spatial  frequency.  The  decrease  in  the  fringe  envelope  with  optical 
path  difference  is  due  to  the  linewidth  of  the  source.  Higher  temperatures  result  in  increased 
broadening  of  the  line  and  a  more  rapid  decrease  in  fringe  modulation  with  increasing  path 
difference. 


Fig.  1.  Interferograms  and  their  difference  for  two  isolated  emission  lines  with  slightly 
different  line  centers.  DASH  measures  the  interferogram  within  a  path  difference  interval 
(shown  schematically  in  red)  around  the  optimum  path  difference  (black  arrow)  for  Doppler 
winds. 

The  difference  between  these  two  fringe  patterns  is  shown  in  black  across  the  bottom  of 
Fig.  1.  This  difference  is  small  near  zero  OPD  where  the  two  interferograms  have  nearly  the 
same  phase  and  is  also  small  at  large  OPD  where  the  envelope  of  both  fringe  patterns  is  small. 
Between  these  two  limits  (near  an  OPD  of  400  units  on  Fig.  1)  the  difference  signal  is 
maximum.  This  is  the  optimum  path  difference,  L0pt.  for  the  measurement  of  Doppler  winds 
and  is  given  by 


LqPT  -A^opt 


27rcrn 


(1) 


where  erD  is 


(2) 
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In  Eq.  (2),  T  is  the  temperature  of  the  emission  line  in  Kelvin,  m  is  the  mass  of  the  emitting 
species,  oE  is  the  wavenumber  of  the  emission,  c  is  the  speed  of  light,  and  k  is  Boltzmann’s 
constant.  Typically,  the  sensitivity  of  the  interferogram  to  a  Doppler  shift  does  not  decrease 
rapidly  when  measuring  away  from  the  optimal  OPD,  so  that  other  design  aspects  of  the 
interferometer  such  as  size  and  mass  are  likely  to  be  significant  when  deciding  on  the  OPD 
interval  that  is  sampled  by  a  specific  DASH  interferometer. 

The  stepped  Michelson  interferometers  typically  measure  only  a  few  phase  points 
covering  about  one  wavelength  of  total  path  difference  to  determine  the  Doppler  winds. 
Similar  to  SHS,  DASH  uses  gratings  in  the  arms  and  an  imaging  detector  to  sample  the 
interferogram  over  a  much  larger  range  of  path  differences.  Since  the  effective  wind  signal  is 
small  at  both  large  and  small  path  differences  the  range  of  path  differences  measured  in 
DASH  is  close  to  L0pt •  To  accomplish  this  simply  requires  that  one  of  the  gratings  in  a 
conventional  SHS  be  placed  further  from  the  beam  splitter  than  the  other,  as  shown  in  Fig.  2. 

Input  w 


Fig.  2.  Schematic  of  a  DASH  interferometer  from  Englert  et.  al.  [10].  Due  to  the  different  arm 
lengths,  the  path  difference  interval  imaged  on  the  detector  array  is  not  centered  on  zero  path 
difference  as  in  conventional  SHS. 

To  measure  the  temperature  of  an  emitting  species  the  Michelson  technique  requires 
knowledge  of  the  absolute  contrast  of  the  fringe  pattern  at  this  path  difference  [4],  As  with  the 
Michelson,  temperature  can  be  determined  with  a  DASH  instrument  by  measuring  the 
absolute  contrast  of  the  fringe  pattern  at  a  known  path  difference.  This  method,  however, 
requires  a  detailed  characterization  of  background  sources  and  non-ideal  fringe  modulation 
effects.  A  more  robust  method  of  temperature  determination  is  to  measure  the  relative  change 
in  fringe  contrast  across  an  optical  path  difference  interval.  Since  DASH  measures  the 
interferogram  over  a  large  range  of  path  difference,  typically  a  few  thousand  wavelengths,  the 
envelope  of  the  fringes  can  change  appreciably  across  the  interferogram.  This  envelope 
change  is  less  sensitive  to  background  contamination  and  detailed  knowledge  of  the 
modulation  efficiency  of  the  interferometer. 

In  addition,  the  large  path  difference  interval  measured  by  DASH  enables  it  to  obtain 
fringe  patterns  for  multiple  emission  lines  simultaneously.  The  lines  must  be  separated  in 
wavenumber  by  enough  to  result  in  unique  fringe  frequencies  at  the  detector  for  the  path 
difference  interval  measured.  For  example,  assuming  a  minimum  of  20  fringes  between 
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adjacent  lines  and  a  detector  providing  1000  samples  across  the  interferogram,  25  emission 
lines  could  be  measured  simultaneously.  These  multiple  lines  could  be  from  geophysical 
sources  and/or  include  one  or  more  on-board  calibration  lines  to  track  instrument  drifts 
simultaneously  with  each  exposure. 

4.  A  DASH  for  wind  and  temperature  measurements 

Figure  3  is  a  schematic  diagram  of  a  DASH  interferometer  designed  for  upper  atmospheric 
wind  and  temperature  measurements  of  the  thermospheric  F-layer  using  the  630  nm  0['D] 
oxygen  emission. 
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Fig.  3.  Schematic  of  the  DASH  interferometer  for  the  630  nm  emission.  The  central  blue  ray  is 
along  the  optical  axis.  The  green  and  red  ray  bundles  are  at  the  edges  of  the  grating  aperture. 

The  interferometer  consists  of  a  Koster’s  double-reflection  prism  as  a  beamsplitter,  a 
hollow  wedged  spacer,  field  widening  prism,  parallel  spacer  and  diffraction  grating.  Although 
other  configurations  are  possible  [6,8,10],  the  advantage  of  using  the  Koster’s  prism  is  that 
the  two  interferometer  beams  exit  the  beamsplitter  parallel  to  each  other  enabling  a  design 
where  the  two  beams  sample  different  apertures  of  a  single  spacer,  field  widening  prism  and 
diffraction  grating.  This  quasi-common  path  configuration  is  insensitive  to  translations  of  the 
interferometer  elements  and  can  easily  be  assembled  as  a  monolith.  The  path  difference  step 
(2Ad  in  Fig.  2)  arises  from  the  different  beamsplitter-to-grating  distances  along  the  optical 
axis  (central  blue  ray  in  Fig.  3)  while  the  path  difference  interval  is  determined  by  the  grating 
angle  and  aperture.  Table  1  shows  the  design  properties  of  the  interferometer. 

By  using  the  same  grating  for  both  interferometer  arms  the  path  difference  step  and 
interval  are  coupled.  In  order  to  take  advantage  of  the  quasi-common  path  design  while  at  the 
same  time  maximizing  the  field  of  view  to  achieve  the  highest  sensitivity  (see  section  5, 
below)  and  provide  at  least  a  20  fringe  difference  between  the  0( 1 D )  line  and  the  nearest 
atmospheric  contaminant  (an  OH  line,  see  Table  1),  the  decision  was  made  to  sample  a  path 
difference  between  1.37  cm  and  4.79  cm.  This  is  not  centered  on  the  optimum  path  difference 
of  4.2  cm  given  by  Eq.  (1)  (for  an  oxygen  temperature  of  1000  K),  however,  as  we  stated 
above  the  amplitude  of  the  fringe  difference  falls  off  slowly  away  from  the  optimum  path 
difference,  so  that  the  penalty  for  not  centering  the  optical  path  difference  interval  on  L0pt  is 
small. 
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Table  1.  Design  properties  of  the  630  nm  DASH  interferometer. 


O('l))  Interferometer  Parameters 

Athermal  for  vacuum  operation 

Beamsplitter 

Koester’s  100mm  (side)  x  50mm  (thick) 

Fused  Silica  (Homosil) 

Spacer  #1  (Hollow) 

Apex  angle:  6.84° 

Fused  silica  frame  strain  relieved 

Prism 

Apex  angle:  12.598° 

Schott  N-SF57 

Spacer  #2  (Plane  Parallel) 

Fused  silica  frame  strain  relieved 

Grating 

Aperture:  28  x  28  mm  active  area 

Field:  f/6  (4.5°  half-angle  cone) 

Groove  density:  900  g/mm 

Blank:  Fused  Silica 

Path  difference  sampled 

1.37  to  4.79  cm 

Optimum  path  difference 

4.2  cm  @  1000K  (0(‘D),  X  =  630  nm) 

Number  of  fringes  across  field  (as  built) 

630.4789  nm  Ne  calibration 

42 

630.0304  nmO['D] 

81 

629.7916  nm  OH  contaminant 

102 

4.1.1  Thermal  compensation 

One  of  the  primary  technical  challenges  associated  with  interferometers  is  their  thermal 
stability.  In  practice,  no  instrument  can  be  fabricated  to  be  absolutely  thermally  stable  so  such 
drifts  must  be  monitored,  quantified,  and  corrected.  This  is  especially  true  for  Doppler  wind 
measurements  where  in  order  to  determine  winds  with  a  precision  of  3  m/s,  wavelength 
changes  must  be  measured  to  1  part  in  108.  Although  the  Koster’s  prism  configuration  is 
insensitive  to  translation  of  the  interferometer  elements,  rotation  of  these  same  elements  will 
result  in  changes  in  fringe  frequency  and  phase  and.  if  not  monitored,  would  result  in 
systematic  wind  errors.  Similarly,  thermal  changes  in  the  index  of  refraction  of  the  field 
widening  prism  and  the  groove  density  of  the  gratings  also  produce  fringe  and  phase  shifts. 
By  appropriate  choice  of  prism  glass  and  grating  substrate  these  two  effects  can  be  made  to 
cancel  one  another.  Compensation  is  achieved  when  the  index  of  refraction  of  the  field 
widening  prism  n  and  thermal  expansion  coefficient  of  the  grating  blank  (Xcte  are  related  by: 


a,. 


dn  n 
dT  n2- 1 


(3) 


where  dn/dT  is  the  derivative  of  the  prism  index  with  respect  to  temperature.  Equation  (3) 
motivated  the  choice  of  N-SF57  for  the  field  widening  prism  and  fused  silica  for  the  grating 
substrate  for  the  DASH  interferometer  design  shown  in  Fig.  3. 

4.2  The  monolithic  DASH 

Generally,  DASH  interferometers  can  be  fabricated  as  monolith  devices,  just  as  SHS 
interferometers  [9],  A  DASH  interferometer  using  a  Koster’s  prism  configuration  is  no 
exception.  Monolithic  interferometers  are  particularly  rugged  and  therefore  well  suited  for 
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field  and  space  applications.  A  monolithic  interferometer  requires  fixed,  hollow  spacers  in  the 
spaces  on  either  side  of  the  field  widening  prism.  Initially  we  planned  to  use  fused  silica 
frames  for  these  spacers,  however,  one  of  the  design  issues  that  surfaced  in  the  fabrication  of 
the  monolith  was  the  mechanical  strain  caused  by  differential  expansion  of  the  N-SF57  prism 
glass  which  has  a  high  coefficient  of  thermal  expansion  (CTE)  and  the  fused  silica 
beamsplitter  and  grating  substrate  which  have  a  much  smaller  CTE.  To  allow  for  differential 
expansion  without  undue  stress  and  distortion  of  the  optics,  the  fused  silica  hollow  spacers 
surrounding  the  prism  were  strain-relieved.  The  spacers  were  originally  fabricated  as  frames 
however,  before  cementing  to  the  field  widening  prism  a  series  of  cuts  were  made 
perpendicular  to  the  face  of  the  frame  so  that  the  bonded  surface  on  the  prism  consisted  only 
of  a  series  of  posts  or  “pickets”  on  the  prism  face  with  gaps  between  them.  After  the  spacers 
were  bonded  to  the  prism,  the  cuts  were  extended  all  the  way  through  the  spacers  so  the 
spacers  consisted  of  a  series  of  individual  posts.  The  grating  and  Koster’s  prism  were  then 
cemented  to  these  posts.  In  Fig.  4  the  posts  are  evident  on  either  side  of  the  field  widening 
prism. 


Fig.  4.  The  monolithic  as-built  red  line  DASH  interferometer.  Hollow  spacers  on  either  side  of 
the  field  widening  prism  are  strain  relieved  to  allow  for  differential  thermal  expansion  of  the 
interferometer  glasses.  The  triangular  edges  of  the  Koster’s  prism  beamsplitter  are  each  100 
mm  long. 


5.  Field  of  view  considerations  and  laboratory  tests 

Field  widening  the  interferometer  is  accomplished  by  the  N-SF57  prism  with  the  apex  angle 
chosen  so  that  from  a  geometrical  optics  point  of  view,  the  gratings  appear  to  be 
perpendicular  to  the  optical  axis  and  coincident.  Field  widening  prisms  greatly  reduce  the 
change  in  fringe  frequency  with  off  axis  angle  enabling  the  interferometer  to  produce  high 
contrast  fringes  over  a  much  larger  cone  angle  of  light.  Third  order  prism  aberrations 
ultimately  limit  the  field  of  view,  however,  field  widening  can  commonly  achieve  etendue 
gains  of  two  orders  of  magnitude  in  both  SHS  and  stepped  Michelson  interferometers  [4,6]. 
An  additional  constraint  in  the  choice  of  prism  and  spacer  angles  for  the  630  nm  DASH 
interferometer  was  the  desire  to  simplify  the  alignment  by  using  a  plane  parallel  spacer 
between  the  field  widening  prism  and  the  grating.  The  optimum  prism  angle  for  N-SF57  glass 
was  determined  by  ray  tracing  to  be  12.598  degrees  with  an  angle  of  incidence  of  6.840 
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degrees  on  the  beamsplitter  side  of  the  prism.  This  resulted  in  a  maximum  field  of  view  in  the 
interferometer  of  f/6  (4.5  degree  half-angle  cone)  which  represents  a  gain  in  solid  angle  of  a 
factor  of  over  450  compared  to  a  system  without  field  widening  operating  at  the  same 
maximum  path  difference. 

5.1.1  Alignment  and  fringe  frequency  tests 

The  monolithic  interferometer  was  fabricated  and  aligned  at  LightMachinery  in  Ottawa, 
Ontario.  After  bonding  the  spacers  to  the  field  widening  prism  and  the  prism/spacer  assembly 
to  the  Koster’s  prism  the  final  alignment  step  was  to  cement  the  grating  to  the  spacer  so  that 
the  interferometer  produced  the  desired  fringe  frequencies  for  the  O('D)  and  Ne  calibration 
lines.  This  was  accomplished  by  monitoring  the  fringe  frequency  at  the  630.4789  nm  Ne  line 
produced  by  a  pen  ray  lamp  during  the  final  cement  phase.  Subsequent  testing  at  NRL  using 
an  optical  set-up  similar  to  that  described  in  Englert  et.  al.  [5]  determined  the  fringe 
frequencies  for  a  number  of  lines  and  hence  confirmed  the  design  resolution.  The  as-built 
fringe  frequencies  for  lines  most  relevant  to  the  630  nm  airglow  measurement  are  indicated  at 
the  bottom  of  Table  1 . 

5.1.2  Field  of  view  tests 

To  verify  the  solid  angle  over  which  the  interferometer  produces  high-contrast  fringes  the 
results  of  a  ray  trace  model  were  compared  with  laboratory  measurements  of  the  real 
instrument.  The  black  fringes  shown  in  Fig.  5  illustrate  the  fringe  amplitude  vs.  path 
difference  predicted  by  the  ray  trace  model  assuming  a  monochromatic  source  for  both  1.5 
degree  (f/19)  and  4.5  degree  (f/6)  cone  angles  of  light.  The  left-hand  panel  at  f/19 
illumination  shows  the  model  amplitude  is  nearly  constant  for  all  path  differences,  while  the 
right  panel,  for  an  f/6  beam,  shows  that  at  the  maximum  path  difference  the  fringe  amplitude 
is  reduced,  as  expected,  by  the  change  in  fringe  frequency  with  off-axis  angle.  We  will  refer 
to  this  effect  as  the  instrument  visibility  function.  Superposed  on  the  modeled  fringe  patterns 
in  Fig.  5  are  measured  fringes  (red)  using  an  emission  line  with  a  finite  line  width  generated 
by  a  Ne  pen  ray  lamp.  The  fringes  are  recorded  with  the  real  instrument  using  an  optical  set¬ 
up  similar  to  that  described  in  Englert  et  al.  [5]  for  the  same  cone  angles. 
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Fig.  5.  Modeled  (black,  monochromatic  line)  and  measured  (red,  finite  line  width)  fringes  for 
f/19  beam  (left)  and  f/6  beam  (right).  The  decrease  in  visibility  at  f/6  is  due  to  the  change  of 
fringe  frequency  with  off  axis  angle.  The  intensity  axis  is  in  arbitrary  units.  The  difference  in 
the  modeled  and  measured  fringe  patterns  can  be  attributed  to  the  spectral  width  of  the  Ne 
emission  line  that  was  used  as  a  source. 

The  amplitude  of  the  measured  fringe  patterns  (shown  in  red  in  Fig.  5)  decreases  faster 
with  path  difference  than  the  model  predicts,  however,  no  account  has  yet  been  made  for  the 
fact  that  the  model  assumed  a  monochromatic  source  and  the  Ne  pen  ray  used  in  the 
measurements  has  a  finite  line  width,  primarily  due  to  thermal  broadening.  If,  for  the  f/19 
measurements,  the  real  interferometer  is  assumed  to  have  a  constant  instrument  visibility 
across  all  path  differences  as  suggested  by  the  model,  the  decrease  in  fringe  amplitude  shown 
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in  red  on  the  left  panel  is  solely  due  to  the  line  width  of  the  Ne  line.  Assuming  pure  thermal 
broadening,  the  data  from  the  left  panel  of  Fig.  5  indicates  that  the  temperature  broadening  of 
the  emission  line  from  the  pen  ray  lamp  is  equivalent  to  approximately  900  K.  Once  the 
temperature  of  the  line  is  known,  its  line  width  can  be  incorporated  into  the  model.  Figure  6 
shows  the  fringe  amplitude  vs.  path  difference  at  f/6  after  the  model  was  corrected  for  the  line 
width  of  the  source. 


Model  (corrected)  and  Ne  t'6 


Path  Difference  (cm) 

Fig.  6.  When  the  measured  source  line  width  is  included  in  the  model  (black),  it  is  in  good 
agreement  with  the  measurement  (red). 


6.  Thermal  soak  tests 

To  determine  the  dependence  of  fringe  frequency  and  phase  on  the  interferometer 
temperature,  we  performed  a  series  of  measurements  whereby  the  interferometer  was  placed 
in  an  aluminum  enclosure  that  was  thermally  controlled  to  an  accuracy  of  0. 1  K  (see  Englert 
et  al.  [5]  for  a  more  detailed  description  of  the  enclosure  and  optical  set  up).  The  temperature 
of  the  enclosure  was  cycled  between  28°  C  and  30°  C  with  a  hold  time  of  12  hours  at  each 
temperature  over  a  95  hour  period.  Using  a  Cerium-  Argon  (Ce-Ar)  hollow  cathode  lamp  as  a 
source  a  fringe  pattern  was  recorded  every  30  min  resulting  in  a  total  of  193  images  for  the 
entire  data  set.  The  exposure  time  of  each  of  the  images  was  20  seconds  so  that  the  fringe 
drift  during  a  single  exposure  is  negligible.  The  fringes  from  two  Ar  lines  were  monitored  to 
assess  the  thermal  drift  of  the  instrument.  The  Ar  line  at  630.7657  nm  produced  a  total  of  17 
fringes  across  the  interferogram  while  the  line  at  629.6873  nm  produced  110  fringes.  Using 
the  method  described  in  [7]  the  phase  of  the  fringe  patterns  vs.  path  difference  was  calculated 
for  each  of  the  lines  using  the  average  of  50  rows  near  the  center  of  a  fringe  image.  For 
perfect,  equally  spaced  fringes  the  phase  vs  path  difference  should  be  a  linear  function  that 
increases  by  2n  radians  for  every  additional  fringe  across  the  pattern.  In  practice,  however, 
fringe  distortions  lead  to  curvature  in  the  phase  plots  (see  Englert  et  al.  [5]  for  examples). 
These  fringe  distortions  are  also  commonly  seen  in  SHS  interferometers  [7]  and  are  due  to 
non-flat  surfaces  in  the  interferometer,  index  inhomogeneities  in  the  interferometer  glasses  or 
distortions  in  the  exit  optics  that  images  the  fringe  pattern  on  the  array  detector.  However,  as 
long  as  the  fringe  distortions  depend  weakly  on  temperature,  the  phase  distortion  determined 
from  one  fringe  pattern  can  be  used  as  a  reference  and  subtracted  from  the  others.  If  this 
reference  phase  is  subtracted  from  each  line  independently  the  resulting  phase  plots  will 
represent  how  the  frequency  (slope)  and  phase  offset  (intercept)  of  the  fringe  patterns  change 
with  temperature  for  each  line.  Figure  7  shows  the  intercept  (left  panel)  and  the  slope  (right 
panel)  as  a  function  of  time  for  both  Ar  lines  over  the  entire  data  set. 
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Fig.  7.  Changes  in  the  fringe  patterns  of  two  Ar  lines  when  the  temperature  of  the 
interferometer  enclosure  is  cycled  between  28°  C  and  30°  C.  The  left  panel  shows  the  intercept 
shift  corresponding  to  the  extrapolated  absolute  phase  at  zero  path  difference,  while  the  right 
panel  shows  the  slope  or  frequency  change.  The  traces  for  the  two  Ar  lines  are  shown  in  black 
and  red  and  are  essentially  on  top  of  one  another. 

The  temperature  transitions  are  clearly  evident  in  Fig.  7.  The  left  panel  shows  the  phase 
change  in  radians  extrapolated  to  zero  path  difference  while  the  right  hand  panel  shows  the 
change  in  slope.  Both  panels  use  the  fringe  image  nearest  7  hrs  as  the  reference  to  subtract  the 
linear  and  nonlinear  phase  contributions.  Data  for  both  Ar  lines  are  shown.  The  fact  that  they 
are  superposed  on  this  plot  suggests  that  the  thermal  drift  is  not  a  simple  mechanical  shift  of 
the  external  imaging  optics  or  detector  position  because  the  two  lines  have  much  different 
spatial  frequencies  (17  fringes  vs  110)  and  thus  a  mechanical  shift  of  the  detector  would  result 
in  much  different  phase  changes  for  the  two  lines.  The  stability  of  the  imaging  system  and 
detector  is  expected  as  the  external  optics  and  detector  were  not  thermally  cycled  during  this 
test. 

The  magnitude  of  the  phase  shift  from  the  left  hand  panel  in  Fig.  7  is  roughly  2.5  radians 
per  2°C  or  0.40  fringes  per  2°C  for  both  Ar  lines.  The  right  hand  panel  indicates  a  fringe 
frequency  change  across  the  detector  of  approximately  0.0075  radians/pixel  per  2°C.  Since 
there  are  512  pixels  across  the  image  this  corresponds  to  a  change  in  the  total  number  of 
fringes  of  0.61.  These  shifts  are  much  larger  than  we  expected  from  the  model  calculation  that 
accounts  for  the  thermal  expansion  of  the  grating  and  the  thermally  induced  index  change  of 
the  field  widening  prism.  The  discrepancy  is  probably  due  to  a  rotation  of  the  interferometer 
elements  caused  by  thermoelastic  distortion  that  results  from  the  vastly  different  CTE  of  the 
glasses.  Thermoelastic  distortion  is  not  included  in  the  model.  It  is  also  clear  from  Fig.  7  that 
the  fringe  frequencies  and  phases  are  reproducible  with  changes  in  temperature.  That  is,  when 
the  temperature  of  the  interferometer  housing  cycles,  the  fringe  phase  and  frequency  drift  for 
approximately  4  hours  before  stabilizing.  As  discussed  above,  the  DASH  interferometer  has 
the  ability  to  measure  an  internal  calibration  line  with  each  exposure.  When  the  linear  drift  of 
one  of  the  Ar  lines  is  used  as  a  calibration  to  correct  the  drift  of  the  other  Ar  line,  the 
remaining  fluctuation  in  the  measured  phase  at  the  center  of  the  sampled  OPD  interval  is 
approximately  1.2  mrad  or  approximately  1.2  m/s  in  velocity  units  for  this  data  set.  This  is 
well  within  the  precision  required  for  a  meaningful  geophysical  measurement.  Analysis  of  the 
data  in  Fig.  7  also  suggests  that  when  the  temperature  of  the  interferometer  housing  is 
maintained  to  an  precision  of  0. 1  K  with  a  PID  (proportional/integral/derivative)  control  loop 
that  uses  a  cycle  time  of  10  seconds  the  interferometer  temperature  fluctuates  by  only  3  mK 
due  to  the  poor  thermal  coupling  of  the  interferometer  to  the  enclosure  and  its  large  thermal 
inertia. 

7.  Conclusions 

We  have  reported  the  design  and  laboratory  tests  of  a  thermally  compensated  monolithic 
DASH  interferometer.  Measurements  have  confirmed  that  the  spectral  resolution  and  etendue 
of  the  design  have  been  achieved  in  the  laboratory.  We  have  shown  that  +  0.1  K  thermal 
control  of  the  enclosure  surrounding  the  interferometer  results  in  a  thermal  response  at  the 


#137013  -$15.00  USD 
(C)  2010  OSA 


Received  22  Oct  2010;  accepted  16  Nov  2010;  published  1  Dec  2010 
6  December  2010  /  Vol.  18,  No.  25  /  OPTICS  EXPRESS  26439 


interferometer  of  approximately  3  mK.  Cycling  the  interferometer  temperature  between  28  °C 
and  30  °C  resulted  in  a  larger  than  expected  thermal  drift  which  is  likely  due  to  thermo-elastic 
distortion,  however,  with  appropriate  thermal  control  and  the  ability  to  simultaneously 
monitor  calibration  sources  the  precision  achieved  is  commensurate  with  the  measurement  of 
thermospheric  winds. 
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